Arizona Geological Society Digest 22
2008

Fluid-inclusion evidence for the formation of Main Stage
polymetallic base-metal veins, Butte, Montana, USA

Brian G. Rusk*
US Geological Survey, MS 963, Denver, Colorado, 80225, USA

Brooke J. Miller
General Moly, Inc., Reno, Nevada, 89509, USA

Mark H. Reed
Department of Geological Sciences, University of Oregon, Eugene, Oregon, 97403, USA

ABSTRACT

The Butte porphyry Cu-Mo deposit is cut by the Butte Main Stage, a system of
veins that constitute one of the world’s largest Cordilleran-style base-metal lode depos-
its. The vein system is zoned from a central Cu-rich zone containing covellite, chalcoc-
ite, digenite, and enargite to an intermediate zone containing both Cu and Zn sulfides,
to a peripheral zone dominated by sphalerite, galena, and rhodochrosite.

We examined fluid inclusions in ~50 veins from throughout the lateral and ver-
tical extent of the deposit and conducted microthermometry on 13 of these samples.
Fluid inclusions in Main Stage veins are similar in appearance throughout the central,
intermediate, and peripheral zones such that only one type of fluid inclusion dominates
all samples observed. At room temperature the fluid inclusions are liquid-rich, with 20
volume % bubble (B20 inclusions). Most inclusions analyzed contain between 1 and 4
wt. % NaCl equivalent, and between 0.2 and 1 mol % CO,. Most inclusions homogenize
to liquid between 250°C and 300°C. Even though there is considerable overlap, there is
a weak trend from higher to lower homogenization temperatures and salinities from the
central zone to the peripheral zone.

Vapor-rich inclusions are rare and were identified in only one Main Stage vein,
thus, we infer that nearly all inclusions were trapped in the liquid field at pressures
above the boiling curve. Maximum estimated depth of formation for Main Stage veins
is 6 km. At such pressures, an isochoric temperature adjustment of up to about 50°C is
required, indicating that most Main Stage veins formed at temperatures between about
250°C and 350°C.

We suggest that Main Stage veins formed where single-phase B60 fluids, which
formed pre-Main Stage pyrite-quartz veins with sericitic alteration, decompressed and
mixed with meteoric water in a hydrostatic pressure regime. Pre-Main Stage brines
were not likely involved in Main Stage vein formation, and the role of pre-Main Stage
vapor in the formation of Main Stage veins is not known.
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INTRODUCTION

Butte, Montana got its name as “The richest hill on
Earth” from the large base-metal veins that have been mined
there for over 140 years. Base-metal veins in Butte were origi-
nally worked for Ag (and minor Au) in the latter part of the
19th century, but with the advent of the industrial revolution,
Butte’s vast Cu resources became increasingly important and
have remained so ever since. Historically, most of the Cu
mined from Butte was derived from polymetallic base-metal
lodes known as “Main Stage” veins. However, since the open-
ing of the Continental Pit in 1980, low grade disseminated Cu
and Mo ore of the “pre-Main Stage” porphyry-type mineral-
ization has been mined (Czehura, 2006). Since the first dis-
covery of Au in 1864, Butte has produced over 10 Mt of Cu,
2.9 Mt of Zn, 1.7 Mt of Mn, and 0 .4 Mt of Pb (Long, 1995;
Czehura, 20006).

Butte Main Stage veins are classified as Cordilleran
base-metal lodes, which are characterized by wide sulfide-
dominated veins, strong mineral zoning from a Cu-rich central
zone outward to a Pb-Zn (Ag) peripheral zone, and advanced
argillic or sericitic alteration (Einaudi,1994). Butte is a classic
locality of a Cordilleran base-metal lode deposit, which are
sometimes referred to as “Butte type” vein deposits (Einaudi
etal.,2003). Like at Butte, many Cordilleran base-metal lodes
are superimposed on the upper reaches of porphyry Cu depos-
its, and they are always younger than porphyry mineraliza-
tion.

Superposition of porphyry-type and later epithermal
deposits is common and has been recognized in numerous
deposits around the world (Corn, 1975; Arribas et al., 1995;
Hedenquist et al., 1998; Phillips et al., 1998; Ossandon et al.,
2001; Muntean and Einaudi, 2001; Manske and Paul, 2002;
Khashgerel et al., 2006). The common spatial coincidence
between these two deposit types suggests a common origin,
however conclusive evidence for a genetic link between por-
phyry-style and epithermal mineralization is rare (Hedenquist
et al., 1998, Muntean and Einaudi, 2001). It is not clear at
Butte whether the Main Stage and pre-Main Stage depos-
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its represent a continuum of a single hydrothermal system
formed from the same heat and fluid source, but under dif-
ferent physical and chemical conditions, or whether the Main
Stage vein system formed at a later time from a separate heat
and fluid source. These two hypotheses have dramatically dif-
ferent implications for understanding the ore deposit genesis
and for predicting undiscovered resources.

Although numerous studies of the geology and mineral
zoning of Main Stage veins exist, few fluid inclusions of the
Main Stage vein system exist (Roedder, 1971; Miller, 2004;
Rusk et al., 2008). We use fluid inclusions to constrain the
variations in pressure, temperature, fluid salinity, and gas con-
tent in Main Stage vein samples that span the mineral zones
laterally and vertically. Our results, combined with previous
fluid inclusion studies of pre-Main Stage veins and geologic
relations among pre-Main Stage and Main Stage veins, eluci-
date the origin of the base metal lodes and yield insight into
their relationship to the porphyry Cu-Mo system at Butte.

GEOLOGIC BACKGROUND

The ore deposit at Butte lies within the Butte Quartz
Monzonite at the southern end of the Boulder batholith in
southwestern Montana, USA (Fig. 1). The deposit is cen-
tered on an E-W-striking swarm of quartz-porphyry dikes that
accompanied the injection of hydrothermal fluids at the ini-
tiation of the porphyry Cu (“pre-Main Stage”) hydrothermal
system at Butte. Porphyry-related mineralization is inferred to
have formed at greater depth than in most porphyry Cu (Mo-
Au) deposits (Roberts, 1973, 1975; Rusk et al., 2008). The
pre-Main Stage Cu- and Mo-bearing veinlets are universally
cut by the large through-going “Main Stage” base-metal vein
lodes.

Pre-Main Stage mineralization
Pre-Main Stage veinlets are narrow (a few mm to a few

cm) quartz tsulfide veinlets with potassic or sericitic altera-
tion similar to porphyry Cu mineralization from numerous
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Figure 1. Location map and map of Main Stage and
pre-Main Stage mineralization at Butte. Subsurface
trace of Main Stage veins is shown in red and sub-
surface position of Pre-Main Stage porphyry Cu-Mo
mineral centers, the Pittsmont and Anaconda domes,
are shown in green. Also in the subsurface, a zone of
pervasive sericitic alteration, separating the two min-
eral centers, is shown in tan. The locations of 10 deep
drill holes are numbered in the Pittsmont dome. The
locations of several mine shafts are also indicated; S=
Steward, K= Kelly, MC= Mountain Consolidated, Be=
Berkley, HO= High Ore, L2= Leonard, P4= Pittsmont
#4, and B= Belmont. Boxed area is shown in Figure 2.




Main Stage polymetallic base-metal veins, Butte, Montana

other deposits (Gustafson and Hunt, 1975; Seedorff et al.,
2005). Early, dark micaceous (EDM of Meyer, 1965) vein-
lets are narrow quartz-chalcopyrite+pyrite veins with bio-
titic alteration that accompanied and followed dike intrusion
(Meyer et al., 1968; Roberts, 1973, 1975; Brimhall, 1977).
EDM veins are cut by molybdenite-bearing quartz-dominated
veins with no alteration, which are cut by pyrite-quartz veins
with sericitic alteration. All of these vein types are underlain
by a core of barren quartz (+mo) veins with narrow K-feldspar
(or less commonly biotitic) alteration haloes (Reed and Rusk,
2001; Rusk et al., 2008). Pre-Main Stage veins, their altera-
tion, and their cutting relationships record the history of the
Butte hydrothermal system from initial temperatures between
600° and 650°C and lithostatic pressures between 200 and
250 MPa corresponding to depths of 6 to 9 kilometers, to sub-
sequent fluid cooling and decompression to temperatures near
370°C and transiently hydrostatic pressures between 40 and
70 MPa corresponding to depths between 4 and 7 kilometers
(Roberts, 1975; Brimhall, 1977; Reed and Rusk, 2001; Field
et al., 2005; Rusk et al., 2008).

Pre-Main Stage EDM and quartz-molybdenite veins
are cut by the Modoc quartz-porphyry plug, which is cut by
Main Stage mineralization. The relationship between pre-
Main Stage pyrite-quartz veins and the Modoc porphyry is not
known. Little new hydrothermal fluid accompanied emplace-
ment of the Modoc porphyry as suggested by its weak min-
eralization, minimal alteration, and the lack of surrounding
veins.

Main Stage mineralization

Main Stage veins are polymetallic base-metal lodes,
some of which were up to 25 m in width, span up to 3.5 km
across the district, and penetrate over 1.5 kilometers in depth.
Centered above and west of the Anaconda dome (Fig. 1),
steeply dipping Anaconda veins strike N60°E to N80°E and
are offset by Blue veins that strike N40°W to N50°W (Fig. 1).
At depth, Anaconda and Blue veins merge. Where the Blue
veins border the central GS altered zone, they form a series
of short en echelon gashes, known as the Horsetail vein zone.
Rock textures including brecciation, overgrowth, mineral
banding, and vein re-opening indicate that Main Stage veins
are composite structures formed from multiple incursions of
hydrothermal fluids. Sales and Meyer (1949) suggest that dis-
tinct structural epochs were not well defined, but that veins
were formed through an ongoing process of structural move-
ment and fluid incursion.

Sales (1914) delineated three roughly concentric major
metal and mineralization zones at Butte (Fig. 2). The central
zone is dominated by Cu mineralization, and lacks Zn min-
eralization. The intermediate zone contains veins mined for
both Cu and Zn, and the peripheral zone has little Cu and was
predominantly mined for Pb, Zn, Ag, and Mn (Fig. 3). Main
Stage veins are also zoned from high-sulfur Cu-Fe-As-S min-
eral assemblages, including covellite, digenite, and enargite,
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Figure 2. Map of Main Stage veins at the 3800 ft elevation level with
central Cu zone, the intermediate Cu-Zn zone, and the peripheral Pb,
Zn, Mn zone shown (C. Meyer, unpublished). Red veins were mined
predominantly for Cu or Cu and Zn, while green veins were mined
predominantly for Zn. Locations of ten of the samples discussed in
this study are shown.

outward to progressively lower sulfur assemblages containing
chalcopyrite, bornite, and tennantite in the intermediate zone
and periphery. The trend indicates decreasing sulfidation state
outward from the center of the deposit, but the zonation of sul-
fidation state is not strictly coincident with metal zonations.
For example, the high sulfur assemblage is not restricted to
the central zone and sphalerite may be present in any of the
sulfidation assemblages (Meyer et al., 1968). In the peripheral
zone, the main sulfides are sphalerite and galena with minor
chalcopyrite and pyrite. Rhodochrosite is also common in the
peripheral zone (Table 1).

Regardless of metal zone or vein age, Main Stage
veins have inner sericitic alteration envelopes bordered by
white argillic alteration in which plagioclase is replaced by

Table 1. Main Stage sample locations and minerals.

Sample

number Location and elevation' Dominant minerals?
2576 Leonard 3200 level en, dg, cc, gz, py, cp
9091-1 Leonard 3800 level cv, dg, en gz, py
9091-3 Leonard 3800 level cv, dg, en gz, py
10555-1 Berkeley Pit 4900 level gz, en, cv, col

3564 Mountain Con 2300 level gz, sl, py

2777 Belmont 3700 level rc, py, sl, gz
x-2004 Elm Orlu 1000 level gz, sl, rc, ca, cp, gn
10181 Columbia Gardens surface qz, py, gn, cp
BUM-03-21 Lexington 2500 level gn, sl, qz, py, cp
1209 Emma 400 level gz, rc, sl, py, gn

"Elevation above sea level.

Minerals listed in order of decreasing abundance. Abbreviations are as
follows: calcite (ca), chalcopyrite (cp), chalcocite (cc) colusite (col),
covellite (cv), digneite (dg), enargite (en), galena (gn), pyrite (py),
quartz (qz), rhodochrosite (rc), sphalerite (sl).
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Figure 3. Hand samples of ten of the Main Stage veins analyzed by
microthermometry. A) Central zone sample 2576 which contains en,
dg, cc, qz, py, and cp; B) Central Zone sample 10555-1 which con-
tains gz, en, cv, and col; C) Central zone sample 9091-3 which con-
tains cv, dg, en, qz, and py; D) Central zone sample 9091-1 which
contains cv, dg, en, qz, and py; E) Intermediate zone sample 3564
with brecciated fragments containing qz, sl, and py cemented by qz
with minor sl; F) Peripheral zone sample 10181 which contains euhe-
dral qz, py, gn, and cp; G) Peripheral zone sample X-2004 which is a
banded vein with qz, sl, rc, ca, cp, and gn in BQM with intermediate
argillic alteration; H) Peripheral zone sample 2777 which contains
rc, py, sl, and qz; 1) brecciated peripheral zone sample 1209 with
matrix dominated by rc and qz with minor sl, py, and gn; J) Peripheral
sample BUM-03-21 which is dominated by gn with lesser sl and qz
and minor cp and py. See Table 1 for abbreviations.
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kaolinite, and an outer zone of green argillic alteration where
biotite and K-feldspar are fresh but plagioclase is replaced by
smectite (Sales and Meyer, 1949). In the Leonard Horsetail
Zone, advanced argillic alteration is locally abundant, giving
way outward to pervasive sericitic alteration. Here, zunyite,
dickite, alunite, and topaz are locally present (Meyer et al.,
1968).

FLUID INCLUSIONS
Petrography

We examined ~50 Main Stage vein samples for mineral
content and textures, and fluid-inclusion type, abundance,
and distribution. Samples came from all mineralized zones
spanning 7 km across the district and more than 1 km in verti-
cal extent. Thirteen of these samples were selected for micro-
thermometric analyses based on mineral zone, depth, and
the presence of inclusions amenable for microthermometric
analysis.

Unlike pre-Main Stage veins, euhedral quartz crystals
are ubiquitous in Main Stage veins, and typically range in
size from tens of microns to several centimeters (Figs. 3, 4).
Primary fluid inclusions located along growth zones are com-
mon in Main Stage quartz, but many such inclusions are too
small for microthermometry (Fig. 4). In addition to primary
inclusions trapped along growth zones, secondary inclusions
trapped along healed fractures are also present. In contrast to
pre-Main Stage veins at Butte, fluid inclusion assemblages
(cf. Goldstein and Reynolds, 1994) are easy to recognize in
Main Stage veins. Textures and petrographic relations among
minerals in Main Stage veins are complex. Many Main Stage
veins are composite structures that are commonly brecci-
ated and most show evidence for two or more generations
of quartz growth in a single hand sample or thin section.
Therefore, while primary fluid inclusions were trapped dur-
ing quartz growth, they are not all necessarily directly related
to ore-metal precipitation.

Scanning electron microscope - cathodoluminescent
(SEM-CL) textures such as those shown in Figure 5 distin-
guish multiple episodes of quartz precipitation in Main Stage
veins. These textures allow for specific generations of quartz
and the inclusions they contain to be linked to ore-mineral
precipitation. In this study our goal was to characterize the
properties of fluid inclusions across a broad range of Main
Stage veins throughout the deposit. We therefore did not
attempt to relate specific fluid inclusions to mineralization
events using cathodoluminescence. Future studies aimed at a
detailed understanding of Main Stage mineralization should
be constrained by quartz CL textures.

Fluid inclusions were identified in quartz, fluorite,
rhodochrocite, and sphalerite. All Main Stage vein samples,
regardless of location, depth, fluid-inclusion host mineral, or
mineral zone, are dominated by a single fluid-inclusion type
which contains an average of 20 volume % bubble at room



Main Stage polymetallic base-metal veins, Butte, Montana

Figure 4. Fluid 1nclu510ns observed in this study. A) Prlmary B20
inclusions in quartz. B) B20 fluid inclusions in rhodochrosite. C) B20
fluid inclusions in fluorite. D) Euhedral quartz crystal with primary
B20 inclusions in the interior of the crystal. E) Abundant primary fluid
inclusions along growth zones in quartz. Many of these inclusions
are irregular in shape, but liquid-to-vapor ratios among inclusions are
constant. F) Close up of primary quartz-hosted B20s shown in E.

temperature (Fig. 4). We classify this inclusion type as a B20
fluid inclusion following the classification scheme of Rusk et
al. (2008). B20 inclusions in Main Stage veins are commonly
irregular in shape and rarely contain daughter minerals as is
typical of other epithermal deposits (cf. Bodnar et al., 1985).
No halite-saturated B15H (15 volume % bubble with a halite
daughter mineral) fluid inclusions were identified in any Main
Stage vein. Vapor-dominated B85 inclusions were identified
in only one sample where several secondary trails containing
only vapor-full inclusions were identified.
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Figure 6. Homogenization temperature versus salinity for all inclu-
sions for which both measurements were made. Salinities are cal-
culated accounting for 0.2 mol % CO,. Central zone samples are
shown in blue, intermediate in brown, and peripheral zone samples
are in pink. A slight trend from higher homogenization temperature
and higher salinity in the central zone to lower homogenization tem-
perature and salinity in the peripheral zone is apparent.

Compositions of Main Stage fluids

We conducted microthermometric analyses on ~350
fluid inclusions from 13 veins from the central, intermediate,
and peripheral zones (Fig. 6). Although liquid CO, is never
present at room temperature, and clathrate never forms upon
cooling of the samples, the presence of CO, is identified in
these inclusions by the expansion of vapor bubbles upon
crushing in oil. The minimum concentration of CO, needed to
be detected by this method is about 0.2 mol % (Bodnar et al.,
1985) and at CO, concentrations greater than about 1 mol %,
clathrate will form upon freezing (Rosso and Bodnar, 1995).
These observations indicate that most Main Stage fluid inclu-
sions contain between 0.2 and 1 mol% CO,.

Ice melting in Main Stage fluid inclusions occurs at tem-
peratures between 0.0°C and -4.7°C. Accounting for the pres-
ence of 0.2 mol % CO, (Hedenquist and Henley, 1985), these
ice-melting temperatures correspond to salinities of 0.0 to 6.9

Figure 5. SEM-CL images of quartz from two Main Stage
& veins. A) SEM-CL image reveals two generations of quartz.
Early Q1 quartz with oscillatory growth zones is cut by later
Q2 quartz which is likely to be approximately contemporane-
ous with late galena mineralization. B) SEM-CL image show-
) ing three generations of quartz overgrowing sericite. Sericite
alteration likely occurred before Q1 quartz.
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wt. % NaCl equiv. with the vast majority of inclusions having
salinities between 1 and 4 wt % NaCl equiv. B20 fluid inclu-
sions from all Main Stage veins homogenize between ~140°
and 350°C; however, homogenization temperatures lower
than 220°C are restricted to inclusions in fluorite which is rare
and paragenetically late.

Salinities and homogenization temperatures of fluid
inclusions from the central, intermediate, and peripheral zone
overlap widely (Fig. 6). Fluid inclusions from the central zone
span the entire range of ice-melting temperatures from 0.0°C
to -4.7°C, corresponding to salinities between 0.0 and 6.9 wt.
% NaCl equiv. These inclusions homogenize at temperatures
between 230°C and 350°C. Inclusions in the intermediate zone
have ice-melting temperatures between -1.9°C and -4.3°C,
corresponding to salinities between 3.3 and 6.3 wt. % NaCl
equiv. These inclusions homogenize at temperatures between
230°C and 300°C. Inclusions from the peripheral zone have
ice-melting temperatures between -0.4°C and -3.4°C, corre-
sponding to salinities between 0.1 and 5 wt. % NaCl equiv.,
and they homogenize between 220°C and 320°C. Even though
there is considerable overlap, there is a weak trend of decreas-
ing homogenization temperatures and salinities from the cen-
tral zone to the peripheral zone. Exceptions to this trend exist;
for example most inclusions from peripheral-zone sample
BUM 03-21b homogenize at higher temperatures than most
inclusions from Central zone sample 9091-1, and most inclu-
sions in central-zone sample 2576 have lower salinities than
most inclusions in most peripheral-zone samples.

DISCUSSION

Pressures and temperatures of Main Stage vein
formation

All B20 inclusions from Main Stage veins homogenize
to liquid, indicating that they were trapped above the liquid-
vapor curve in the one-phase field. The addition of a small
amount of CO, increases the pressure of the liquid-vapor
curve slightly in the temperature range of interest (Gehrig et
al., 1986). A few trails of secondary vapor-rich fluid inclusions
identified in one sample from near the Leonard Horsetail zone
could only have been formed by boiling of the hydrothermal
fluid. No other evidence for boiling fluids such as bladed cal-
cite crystals was identified, suggesting that boiling was rare
and localized.

Because the vast majority of inclusions were trapped
above the liquid-vapor curve, an isochoric correction must be
applied to the homogenization temperature to derive the true
pressure and temperature of Main Stage vein formation. In the
absence of evidence for fluid boiling or other geologic con-
straints, pressure estimates are difficult to determine. In pre-
Main Stage veins at Butte, pressure estimates are based on the
intersection of fluid inclusion isochores with independently
determined temperatures of vein formation (Roberts, 1975;
Rusk et al., 2008). The latest pre-Main Stage veins are pyrite-
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Figure 7. Pressure-temperature diagram showing inclusion density,
and pressures and temperatures of trapping of most B20 inclusions
in Main Stage veins. The isochores shown are of a 3 wt. % NaCl
equiv. solution. Most Main Stage veins formed between 250°C and
350°C at pressures between 10 and 60 MPa.

quartz veins with sericitic alteration at pressures between 40
and 70 MPa and at temperatures between 370°C and 450°C.
Main Stage veins always cut pyrite-quartz veins and most
Main Stage veins are at shallower depths. We therefore infer
that Main Stage veins formed at pressures below 60 MPa, but
above the boiling curve.

Most Main Stage fluid inclusions contain between 1
and 4 wt. % NaCl equiv. and homogenize between 250°C
and 300°C. Isochores for a 3 wt.% NaCl equiv. fluid indicate
densities of 0.74 g/cm3 for inclusions homogenizing at 300°C
and 0.83 g/cm3 for inclusions homogenizing at 250°C (Fig.
7). Based on a maximum pressure adjustment along these iso-
chores to pressures of 60 MPa, the range of trapping condi-
tions of most Main Stage fluid inclusions is between 250°C
at ~10 MPa and 350°C at 60 MPa (Fig. 7). Slightly higher
temperatures are likely for samples that have higher homog-
enization temperatures, and lower temperatures are likely for
the formation of paragenetically late fluorite where homog-
enization temperatures are between 140°C and 220°C. Brittle
deformation textures indicate hydrostatic pressures that cor-
respond to depths between 1 and 6 km for the formation of
Main Stage veins.

It is not clear from these results what physical or chemi-
cal processes resulted in the observed metal zoning pattern
in Main Stage veins. A significant temperature decrease from
the central zone toward the periphery is not obvious from
fluid-inclusion homogenization temperatures, nor is there
a dramatic change in fluid salinity, density, or gas content.
The mineral and alteration assemblages are consistent with
decreasing sulfidation state and increasing pH from the cen-
tral zone outward, both of which might result from decreased
fluid-to-rock ratio accompanied by sulfide precipitation. The
range of homogenization temperatures suggests that signifi-
cant fluid cooling from ~350°C to ~200°C occurred during the
life span of Main Stage vein formation, but the peripheral zone
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seems to have achieved temperatures as high as the central
zone and cooled through the same temperature range. These
results do not rule out the role of temperature decrease in the
formation of the observed mineral zones, but they do suggest
that variations in fluid salinity and temperature were relatively
minor among the mineralized zones. Low homogenization
temperatures in fluorite from the intermediate zone indicate
that timing of fluid-inclusion trapping is a critical factor that
must be considered in order to understand the fluid evolution
in the formation of Main Stage mineral zones. More detailed
studies including cathodoluminescent textural analysis may
help to match paragenetically contemporaneous quartz over
the lateral spread of zones, which may help to resolve how
fluid temperature and composition change with time relative
to the mineral ore zones.

Origin of Main Stage mineralization

The relationship between pre-Main Stage and Main
Stage mineralization is not well constrained. Brimhall sug-
gested that Main Stage mineralization formed where meteoric
fluids remobilized metals precipitated during pre-Main Stage
mineralization (Brimhall, 1979, 1980). Oxygen isotopes,
however, suggest that Main Stage veins formed from mixed
magmatic and meteoric fluids (Zhang et al., 1999; Zhang,
2000). If Main Stage veins formed from mixed magmatic and
meteoric waters, then it seems likely that Main Stage veins
formed where rising and cooling magma-derived pre-Main
Stage fluids mixed with circulating meteoric fluids.

Rusk et al., (2008) identified four fluid-inclusion types
that dominate pre-Main Stage veins from Butte. In the deepest,
potassically altered, quartz-rich veins, B35-type fluid inclu-
sions trapped a single-phase fluid at temperatures between
575°C and 650°C and pressures between 200 and 250 MPa.
As this fluid cooled and ascended, in some veins it unmixed
forming B15H and B85 fluids and in other veins, the fluid
cooled and depressurized, but remained above its solvus,
trapping B60 fluid inclusions. If some pre-Main Stage fluids
further evolved and contributed to Main Stage mineraliza-
tion, then it is likely that such precursor Main Stage fluids are
trapped in pre-Main Stage veins. Strong candidates should be
rich in Cu, Pb, Zn, and Mn, and may contain these metals in
ratios near the ratios of these metals in Main Stage veins.

Whereas halite-saturated B15H inclusions trapped in
pre-Main Stage veins are rich in Mn, Zn, and Pb, with an aver-
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Figure 8. Ternary diagram showing the relative ratios of Zn, Mn, and
Pb for bulk Main Stage mineralization, B60 inclusions, and B15H
inclusions. B60 inclusions have Zn, Mn, and Pb ratios that are simi-
lar to Main Stage bulk metal ratios.

age of 11,000 ppm Mn, 7,200 ppm Zn, and 1,200 ppm Pb,
they contain only 1000 ppm Cu (Rusk et al., 2004). In addi-
tion to being Cu-depleted, ratios of Pb, Zn, and Mn in these
inclusions are strikingly different than ratios of these metals
in Main Stage veins (Table 2, Fig. 8). Furthermore, if fluids
containing 40 wt. % NaCl equiv. had contributed significantly
to Main Stage hydrothermal fluids, then a wider range of fluid
salinities in Main Stage fluid inclusions should be present,
depending on mixing ratio between magmatic and meteoric
fluids. It does not appear likely therefore that the brine phase,
formed upon fluid unmixing during porphyry-Cu mineral-
ization, contributed to the metal endowment of Main Stage
veins.

Vapor that formed from brine-vapor unmixing might
have contributed to Main Stage vein formation, but no data on
the metal concentrations of vapor-rich inclusions from Butte
exists. Salinities of pre-Main Stage vapors (0-3 wt. % NaCl
equiv.; Rusk et al., 2008) do not preclude their contribution to
Main Stage vein formation.

Pre-Main Stage pyrite-quartz veins with sericitic altera-

Table 2. Metal concentrations in Main Stage veins and pre-Main Stage fluid inclusions.

Cu Zn Mn Pb
Main Stage total metals (Mtonnes)1 ~11 29 1.7 0.4
B60 inclusions (ppm)2 7000 420 380 60
B15H inclusions (ppm)2 1000 7200 11000 1200

1Long, 1995
Rusk et al., 2004
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tion are dominated by low salinity (2-5 wt. % NaCl equiv.)
CO,-bearing fluid inclusions trapped at temperatures between
370° and 450°C and pressures between 40 and 70 MPa (Rusk
et al., 2008). The formation of pyrite-quartz veins with ser-
icitic alteration is the latest, shallowest, and coolest pre-Main
Stage mineralization event. Pyrite quartz-veins are dominated
by B60 fluid inclusions, which are enriched by up to an order
of magnitude in Pb, Zn, and Mn relative to earlier and deeper
pre-Main Stage B35 inclusions (Rusk et al.,, 2004). Even
though pyrite-quartz veins with sericitic alteration postdate
pre-Main Stage Cu mineralization at Butte, they are metal-
rich and contain an average of ~7000 ppm Cu, ~380 ppm Mn,
~420 ppm Zn, and ~60 ppm Pb. Ratios of Cu, Pb, Zn, and Mn
in these inclusions are similar to ratios of these metals mined
from Main Stage veins (Table 2; Fig. 8). Pyrite-quartz veins
are closer to Main Stage veins in temperature, pressure, time,
space, and fluid composition than any other mineralization
event at Butte. Magma-derived fluids trapped in B60 inclu-
sions are likely to have contributed metals and volatiles to the
hydrothermal system that formed Main Stage veins. We sug-
gest that as these fluids ascended, they continued to cool and
depressurize and mixed with circulating meteoric fluids and
formed Main Stage veins.

CONCLUSIONS

Fluid inclusions in veins from the Central Cu zone, the
intermediate Cu-Zn zone, and peripheral Pb, Zn, Mn (Ag)
zone are remarkably similar in salinity, density, and homog-
enization temperature. With the exception of fluids trapped in
late fluorite, most fluid inclusions in Main Stage veins have
densities between 0.74 and 0.83 g/cm®, contain 0.2 to 1 mol
% CO,, 1-4 wt. % NaCl equiv., and homogenize between
250°C and 300°C. With only rare and localized evidence for
boiling, most fluid inclusions were trapped at pressures above
the boiling curve and below 60 MPa at temperatures between
250°C and 350°C. There is significant overlap in salinities
and homogenization temperatures between the central, inter-
mediate, and peripheral zones, but there is a weak trend from
higher salinities and temperatures in the center to lower salini-
ties and temperatures in the periphery.

We suggest that Main Stage veins and pre-Main Stage
veins are genetically related and that the differences between
them result from the evolving pressure and temperature regime
of the Butte hydrothermal system. Main Stage veins formed as
fluids that formed pre-Main Stage pyrite-quartz veins with ser-
icitic alteration continued to cool and depressurize and mixed
with circulating meteoric fluids under hydrostatic pressures.
Metal-rich brines apparently did not contribute significantly
to Main Stage vein formation, and the role of pre-Main Stage
vapors in the formation of Main Stage veins is not known.

B.G. Rusk, B.J. Miller, and M.H. Reed
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